Reduced arterial elasticity is a hallmark of ageing in healthy humans and appears to occur independently of coexisting disease processes. Endothelial-cell injury and dysfunction may be responsible for this fall in arterial elasticity. We hypothesized that circulating endothelial progenitor cells (EPCs) are involved in endothelial repair and that lack of EPCs contributes to impaired arterial elasticity. A total of 56 healthy male volunteers were divided into young (n ¼ 26) and elderly (n ¼ 30) groups. Large and small artery elasticity indices were noninvasively assessed using pulse wave analysis. The number of circulating EPCs was measured by using flow cytometry. Cells demonstrating DiI-acLDL and FITC-ulex lectin double-positive fluorescence were identified as EPCs. C1 large artery elasticity and C2 small artery elasticity indices were significantly reduced in the elderly group compared with the young group (11.7371.45 vs 16.8871.69 ml/mm Hg Â 10, Po0.001; 8.4071.45 vs 10.5871.18 ml/mm Hg Â 100, Po0.001, respectively). In parallel, the number of circulating EPCs was significantly reduced in the elderly group compared with the young group (0.1370.02 vs 0.1770.04%, Po0.05). The number of circulating EPCs correlated with C1 large and C2 small artery elasticity indices (r ¼ 0.47, Po0.01; r ¼ 0.4, Po0.01). The present findings suggest that the fall in circulating EPCs with subsequently impaired endothelial-cell repair and function contributes to reduced arterial elasticity in humans with ageing. The decrease in circulating EPCs may serve as a surrogate biologic measure of vascular function and human age.
Introduction
Advancing age is associated with increased incidence of atherosclerotic vascular diseases. Reduced arterial elasticity is a hallmark of ageing that precedes apparently obstructive atherosclerosis and cardiovascular events. [1] [2] [3] [4] Our recent studies demonstrated that decreased arterial elasticity is associated with endothelial dysfunction in humans with ageing and measurement of arterial elasticity may be used as a novel index for the determination of endothelial function. 5 The mechanisms responsible for the age-related reduction in arterial elasticity and endothelium-dependent vasodilatation, however, have not been fully elucidated.
The impact of ageing for the increased risk of cardiovascular disease is initiated by altering endothelial components of the arterial vessels. Thus, regeneration of the vascular endothelium is of particular importance. [6] [7] [8] The endothelial reconstruction or repair can occur with migration and proliferation of surrounding mature endothelial cells. However, mature endothelial cells are terminally differentiated cells with low proliferative potential, and their capacity to substitute damaged endothelium is limited. Therefore, the endothelial repair may need the support of other cell types.
Accumulating evidence indicates that peripheral blood of adult contains a unique subtype of circulating vascular progenitor cells, termed endothelial progenitor cells (EPCs), which express a number of endothelial-specific cell-surface markers such as CD34 þ and display double-positive staining for DiI-acLDL and FITC-ulex-lectin. 9, 10 Recent studies showed that circulating EPCs may contribute to ongoing endothelial repair and the level of circulating EPCs is closely correlated with endothelial function. 11, 12 Whether reduced arterial elasticity is also associated with decreased circulating EPCs in persons with advancing age, however, has not yet been elucidated.
We hypothesized that the fall in circulating EPCs is involved in impaired arterial elasticity and provides evidence for abnormalities in vascular function in humans with ageing. To test this assumption, the present study was designed to measure the number of circulating EPCs and arterial elasticity in both young and elderly normal subjects by using flow cytometry analysis and noninvasive pulse wave measurement.
Methods

Subjects
A total of 56 healthy workers from our hospital subjects volunteered to be the subjects for this study and were divided into groups based on young age (n ¼ 26, aged 20-30 years) and older age (n ¼ 30, aged 60-70 years). All subjects underwent a full medical history and examination including laboratory tests and electrocardiogram, and subjects with hypertension, diabetes mellitus, hypercholesterolemia and other cardiovascular abnormalities were excluded. No subjects were taking any drugs for at least 2 weeks before starting this study. This clinical investigation was approved by the Ethical Committee of our hospital. 
Identification of endothelial progenitor cells
Mononuclear cells were isolated from human peripheral blood by Ficoll density gradient centrifugation by using CPT tube containing Histopaque-1077 (Sigma, St. Louis, Missouri, USA) and cultured in EGM-2 (Clonetics, Orlando, FL, USA). To confirm the EPC phenotype, attached mononuclear cells were incubated with 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchlorate-labelled acetylated LDL (DiI-acLDL, 10 mg/ml; Molecular Probes, Leiden, the Netherlands) at 371C for 1 h. The cells were then fixed with 2% paraformaldehyde for 10 min and incubated with FITC-labelled Ulex europeus agglutinin (lectin, 10 mg/ml; Sigma) for 1 h. After staining, the samples were viewed with inverted fluorescent microscope (Nikon, ChiyodoKu, Tokyo, Japan). Cells demonstrating doublepositive fluorescence were identified as differentiating EPCs, similar with previous reports.
9-10
Arterial elasticity measurement The investigation was performed in a controlled environment maintained at 231C after the participants had rested for at least 15 min in a supine position. The subjects refrained from consuming alcohol or caffeine and did not smoke for 12 h before the study. Radial artery pressure pulse waves were measured.
Radial arterial pulse waves were recorded with an acoustic transducer using the CVProfilor s DO-2020 CardioVascular System (Hypertension Diagnostics Inc., Eagan, MN, USA) as previously reported. 4 A wrist stabilizer was positioned on the right wrist using two hook and loop straps in order to gently immobilize the wrist and stabilize the radial artery, making it readily accessible for placement of the Arterial pulsewavet Sensor. The Sensor electronically adjusts itself automatically in order to obtain an acceptable waveform. Then, a 30-s-long collection of the radial artery waveform, digitized at 200 samples per second, is stored in an onboard computer for analysis. To obtain arterial elasticity data, a model was used that divides the total systemic arterial compliance into C1 large artery and C2 small artery elasticity indices. The model describes diastolic pressure contours by the following equation:
where P 2 (t) is the diastolic pressure at time t relative to aortic value closure. A parameter-estimating algorithm was applied for determination of the best set of A i values for matching the diastolic portion of the measured beats to this equation. These A i parameters, together with an estimate of systemic vascular resistance, determine the large or capacitive compliance and the small or oscillatory compliance. The compliance values for each beat were weighted inversely with respect to an estimate of error and then averaged. The estimate of error was the predicted variance in the compliance divided by a measure of the goodness-of-fit of the model to the data. This approach ensures that individual compliance values with high estimated variance will contribute proportionally less to the overall compliance value. Additionally, end-diastolic distortions were eliminated by defining end-diastole as the point where diastolic pressure is no longer monotonically decreasing.
examine the association between the number of EPCs and arterial elasticity indices.
Results
Baseline characteristics for both the young and elderly normal subjects are shown in Table 1 . Apart from age, there was no significant difference in other parameters according to enrolment criteria. As shown in Figure 1 , C1 large artery and C2 small artery elasticity indices were significantly reduced in the elderly group compared with the young group (Po0.001). Endothelial progenitor cells were identified as the positive staining for both DiI-acLDL uptake and FITC-ulex-lectin binding (Figure 2 ). The number of circulating EPCs was significantly reduced in the elderly group compared with the young group (Po0.01; Figure 3 ). Figure 4 shows the association between the number of circulating EPCs and C1 large artery and C2 small artery elasticity indices. There was a significant linear regression relationship between both the number of EPCs and C1 large artery and C2 small artery elasticity indices.
Discussion
The major findings of the present studies are that in humans with advancing age the large and small artery elasticity indices are reduced, and, in parallel, the number of circulating EPCs is also diminished.
There is a significant linear regression relationship between the number of circulating EPCs and arterial elasticity. The data reported here suggest that the number of circulating EPCs is progressively reduced with ageing and that lack of circulating EPCs with subsequently impaired endothelial repair and function is, at least in part, related to decreased arterial elasticity.
It has been demonstrated that the arterial elasticity is not solely determined by structural elements in the vessel wall and distending pressure, however that there is also functional regulation by the endothelium-derived nitric oxide (NO). Our recent studies and previous investigations provided data to show that endothelium-derived NO production is involved in the modulation of arterial elasticity as identified by arterial waveform analysis. 5, 13 Accumulating evidence indicates that cardiovascular risk factors including ageing lead to arterial elastic injury.
1,4,5 Therefore, impaired arterial elasticity reflects a balance between the magnitude of injury and the capacity for repair in the vasculature and reduced arterial elasticity represents this ongoing damage. The mechanisms underlying impaired arterial elasticity with ageing, however, are not elucidated. We postulated that circulating EPCs constitute one aspect of this repair process.
Recent studies demonstrated that postnatal bone marrow contains a subtype of progenitor cells that have the capacity to migrate to the peripheral circulation and to differentiate into mature endothelial cells, which are termed as EPCs. Endothelial progenitor cells are characterized by the expression of specific markers such as CD34
þ on their surface. 9 Accumulating evidence indicated that EPCs participate in the endothelial repair. Vasa et al. 11 reported that the number of circulating EPCs is reduced in patients with cardiovascular risk factors. Furthermore, Hill et al.
12 measured the number of colonyforming units of EPCs and endothelium-dependent function assessed by flow-mediated vasodilatation in the brachial artery in subjects with various degrees of cardiovascular risks without a history of cardiovascular disease. They found a close associa- Young group Elderly group C2 Small Artery Elasticity Index (ml/mmHg X 100) Figure 1 Difference in C1 large artery and C2 small artery elasticity indices between young and elderly groups (*Po0.001).
Age-related endothelial progenitor cells and arterial elasticity J Tao et al tion between the number of circulating EPCs and the subjects combined Framingham risk factor score. Measurement of flow-mediated brachial artery vasodilatation also showed a significant correlation between endothelial function and the number of EPCs. However, the levels of circulating EPCs were a better predictor for the determination of endothelial function than was the presence or absence of conventional risk factors, strongly supporting that circulating EPCs are really involved in the maintenance of normal vascular function homeostasis. Ageing is one of the major risk factors for the pathogenesis of vascular atherosclerotic diseases. Our recent studies also showed that reduced arterial elasticity is related to endothelial dysfunction in persons with ageing and assessment of arterial elasticity may be used as a surrogate index of endothelial functional determination. 5 Based on our observations, we hypothesized that the fall in circulating EPCs contributes to impaired arterial elasticity in humans with ageing. Indeed, ageing and atherosclerosis are related to obsolescence of endogenous progenitor cells that normally repair and rejuvenate the arteries. In animal studies, Rauscher et al.
14 reported that bone marrow-derived progenitor cells from old mice are significantly low compared with those from young mice . Moreover, they also showed that chronic treatment with bone marrow-derived progenitor cells from young nonatherosclerotic ApoE À/À mice prevents atherosclerosis progression in ApoE À/À recipients despite persistent hypercholesterolemia. In contrast, treatment with bone marrow cells from older ApoE À/À mice with atherosclerosis is much less effective. In human studies, Scheubl et al. 15 have described the influence of pathological conditions on the number of circulating EPCs. They showed that in patients undergoing coronary artery bypass grafting, circulating EPCs are decreased in humans with advancing age. To our knowledge, no systemic studies exist regarding age-related physiological alterations in the number of EPCs in healthy subjects. This is the first report to show age-related changes of circulating EPCs in healthy condition. We found that circulating EPCs are progressively decreased in persons with advancing age. The number of circulating EPCs was positively correlated with alteration in arterial elasticity. As mentioned above, EPCs is involved in the endothelial repair and endothelial function Figure 4 Association between the number of circulating endothelial progenitor cells (EPCs) and both C1 large artery and C2 small artery elasticity indices.
Age-related endothelial progenitor cells and arterial elasticity J Tao et al regulation. [6] [7] [8] Arterial elasticity is influenced by endothelium-derived NO production. [2] [3] [4] [5] Therefore, it is not surprising that there is a close association between the number of circulating EPCs and arterial elasticity as shown by the present studies. Based on our current observations and with previous studies, it seems logical to support the notion that the fall in circulating EPCs with subsequently impaired endothelial-cell repair and function contributes to impaired arterial elasticity in humans with ageing, although evidence is indirect.
It should be pointed out that the present studies are subject to several limitations. First, we found the low levels of circulating EPCs in persons with ageing. The data reported here cannot permit us to elucidate the exact mechanisms for our findings. Several potentials, either separate or in combination, may be related to decreased EPCs: impaired EPCs mobilization from the bone marrow; increased consumption of EPCs at sites of vascular injury; and reduced half-life of circulating EPCs. The exact mechanisms remain to be further studied. Second, recent studies also provide evidence to show the existence of two types of circulating endothelial cells, that is, bone marrow-derived and vascularderived progenitor cells. Bone marrow progenitor cells are responsible for angiogenesis in the vessel wall, whereas nonbone marrow progenitor cells are the main sources for endothelial regeneration of vascular intimal surface. [16] [17] [18] In the present studies, we cannot clarify which progenitor cells are reduced in ageing condition. Further studies should be carried out to examine the possible sources of different endothelial progenitor cells, in order to better understand the association between EPCs and vascular function. Third, we propose that decreased circulating EPCs contribute to impaired arterial elasticity in humans with ageing. The definitive cause-and-effect relation between them, however, requires further studies in which the experimental manipulation of circulating EPCs should be performed and the arterial elasticity including other vascular biological function parameters examined.
In summary, the present studies provide data to show that in humans with advancing age, the number of circulating EPCs is reduced and arterial elasticity impaired. The fall in circulating EPCs with subsequently impaired endothelial-cell repair and function is, at least in part, related to reduced arterial elasticity. The decrease in circulating EPCs may serve as a surrogate biologic measure of vascular function and human age.
